Beta-catenin is a major protein in the Wnt signalling pathway. Although it has been studied in various types of carcinoma, little is known about its expression in mesenchymal tumours. In this study 41 specimens of a variety of mesenchymal childhood tumours were compared to 24 samples of the corresponding adult tumours to assess the diagnostic value of nuclear β-catenin expression using tissue microarray-based immunohistochemistry. Similar to adult sarcoma and fibromatosis, β-catenin was not expressed in the majority of childhood sarcomas, and its nuclear translocation was detected in paediatric fibromatosis; non-negligible levels of nuclear staining in other tumour types demonstrate Wnt pathway activation in mesenchymal neoplasms of childhood and adolescence.
Introduction
The Wnt signalling pathway is highly conserved in the animal kingdom. 1 The Wnt genes encode a large family of secreted Wnt proteins that act as extracellular signalling factors. Wnt genes participate in several cellular activities such as determination of cell fate, proliferation, apoptosis, migration and differentiation, both during embryo development and in adult homeostasis. 2 A critical factor in each of these processes is the intracellular concentration of β-catenin, 3 a multi-functional protein that acts in the Wnt signalling pathway to modulate transcription of specific target genes; β-catenin is at the centre of the Wnt pathway and is the key arm of Wnt signalling.
When the Wnt pathway is in resting state, β-catenin is phosphorylated by glycogen synthase kinase 3beta (GSK3-β) in a protein complex (cadherin adhesion complex, CAC) that also includes casein kinase 1, adenomatous polyposis coli (APC) and axin. 4 In the absence of Wnt signals, β-catenin concentration is kept low via the degradation complex involving GSK3-β GSK3-β, axin, APC, and β-TrCP/Slimb and via the ubiquitin proteolytic pathway. 5 In the presence of Wnt genes, Wnt binding to Frizzled (Fz) results in activation of Dishevelled (Dsh), which inhibits the activity of GSK3-β, resulting in de-phosphorylation and stabilization of β-catenin. When not degraded via the proteolytic pathway, β-catenin collects just outside the nucleus in the form of a cytoplasmic pool of free signalling molecules. 5 Here, stable β-catenin interacts with members of the T-cell factor/lymphocyte enhancer factor (TCF/LEF) family of transcription factors and is relocated to the nucleus as a β-catenin/Lef/Tcf complex which, in turn, stimulates expression of downstream target genes involved in cell-cycle progression, cancer stemness, neoangiogenesis and tissue invasion (e.g. myc, cyclin D1, TNF-α, SF1, Notch1, MYCBP, survivin). 6 Although its role in the creation and maintenance of epithelial stability by regulating cell growth and cell-cell adhesion is well documented, recent evidence suggests that β-catenin plays a range of important functions in various aspects of cell biology, including control of polarization, differentiation, stemness, stem-cell renewal and cell motility. [7] [8] [9] [10] The phrase epithelial-to-mesenchymal transition (EMT) describes a process where epithelial cells lose their characteristic epithelial polarity, disassemble cell-cell junctions, assume a fibroblastoid mesenchymal morphology, and become more migratory. Although the notion of EMT and its role in tumour development and/or progression are still controversial, it is well known that β-catenin has the potential to exert a strong effect on cell phenotype and behaviour.
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Deregulation and constitutive activation of the Wnt/β-catenin pathway have been seen to lead to various forms of cancer. It has been noted that if any of the four proteins in the degradation complex (GSK3-β, axin, APC, and β-TrCP/Slimb) is mutated, uncontrolled intracellular concentrations of β-catenin almost always lead to cancer. 12 Previous works have shown that CTNNB1, the β-catenin gene, APC and axin are frequently mutated in different types of human epithelial cancers as well as in colorectal, gastric, liver and pancreatic cancer. 13 Previous research has shown that nuclear β-catenin expression in >50% of neoplastic mesenchymal cells can be considered as a surrogate marker of its mutation.
14 In a study of adult mesenchymal neoplasms increasing the cut-off point from 25% to 50% of stained cells did not significantly increase specificity. 15 In the present study we used both cut-offs to assess the specificity and sensitivity of this parameter. Although the relevance of Wnt signalling in epithelial malignancies is well established, its role in mesenchymal tumours remains largely unexplored. A correlation has been demonstrated between Wnt signalling via β-catenin and early osteoblast differentiation, because β-catenin signalling plays a direct role in BMP2-mediated signal transduction. 16 Nuclear β-catenin signalling has also been observed in fibromatosis and desmoid tumours. [17] [18] [19] [20] [21] [22] [23] [24] [25] Finally, by mediating development of and/or commitment to the mesenchymal programme, Wnt signalling seems to have an important role in mesenchymal tumorigenesis. In this study 41 specimens of a variety of mesenchymal childhood tumours were compared to 24 samples of the corresponding adult tumours to assess the diagnostic value of nuclear β-catenin expression using tissue microarraybased immunohistochemistry (TMA-IHC).
Materials and Methods

Patient selection and informed consent
Upon approval of the study by the Ethics Committees of all Institutions 41 paediatric mesenchymal tumour samples of different histological types were selected from the electronic archives of the Pathological Anatomy Section of Pausillipon Paediatric Oncological Hospital, Napoli, Italy; their clinical and pathological characteristics are summarized in Table 1 . Twentyfour corresponding adult sarcomas selected from the electronic archives of the E.E. Franco Section of Pathological Anatomy, University of Bari, Italy (listed in Table 2 ) were used for comparison to the paediatric lesions. The written informed consent of parents/relatives or patients was obtained for the paediatric and adult cases, respectively. The histopathological diagnosis was reviewed by two expert pathologists from the Surgical Science Department, Section of Pathological Anatomy (University of Foggia, Italy). Tissue microarray-based immunohistochemistry
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For TMA construction, areas of interest rich in non-necrotic tumour cells were identified on corresponding haematoxylin and eosin-stained sections and marked on the source paraffin block. A 3-mm-thick core of the source block was placed in the recipient master block of the EZ-TMA MANUAL TISSUE MICROARRAY ® kit (IHC World, LLC, Woodstock, MD, USA). Three cores from different areas of the same tissue block were arrayed for each case. Then 4-µm-thick serial sections were obtained from the block for IHC analysis. IHC was performed with the standard linked streptavidin-biotin horseradish peroxidase technique (LSAB-HRP) using the best β-catenin antibody protocol obtained in our laboratory. Briefly, endogenous peroxidase activity was quenched by treatment with 3% H 2 O 2 for 10 min. Non-specific antibody binding was blocked by treatment with normal horse/goat serum [diluted 1:20 in phosphate buffered saline (PBS), 0.1% bovine serum albumin (BSA)]. Sections were irradiated (5 min ¥ 3) in capped polypropylene slide-holders with citrate buffer (pH 6.0), using a microwave oven (750 W) to unmask antigen sites. A monoclonal antibody that detects nuclear, cytoplasmic and membranous β-catenin (clone 6B3, Cell Signaling Techno logy, Beverly, MA, USA) was applied on sections at 1:150 dilution and incubated overnight at 4°C in a moist chamber. Immunocomplexes were detected by incubation with the secondary antibody and then with streptavidin-peroxidase complexes for 15 min each at room temperature (LSAB2/HRP kit, DAKO, Glostrup, Denmark). After rinsing in 3 PBS changes the immunoreaction was visualized by incubating sections in 0.1% 3,3'-diaminobenzidine and 0.02% hydrogen peroxide solution (DAB substrate kit, Vector Laboratories, Burlingame, CA, USA) for 4 min. Finally sections were lightly counterstained with Mayer's haematoxylin (Histolab Products AB, Goteborg, Sweden) and mounted on GVA mount (Zymed, Laboratories, San Francisco, CA, USA).
Colon adenocarcinoma carrying a β-catenin mutation was used as the positive control. Negative controls were obtained by omitting the primary antibody. The mean spot percentage of positive cells was assessed independently by two observers. β-catenin staining intensity was rated from + (faint) to +++ (strong), and localization rated N, nuclear, C, cytoplasmic; M, membranous; M/C, mixed membranous (predominant) and cytoplasmic; C/M, mixed cytoplasmic (predominant) and membranous. We chose staining > 25% of neoplastic cells rather than any staining (>0%) as the cut-off for our study.
14 However, since previous research 15 indicates that raising it from 25-50% did not significantly increase specificity, we applied both cutoff values (Table 3) .
Results
Nuclear staining
The relative frequency of nuclear β-catenin expression in the two sets of tumours is reported in Table 4 . Benign paediatric myxoma and lipofibromatosis never exhibited nuclear β-catenin expression. Similarly to the immunohistochemical profile of adult sarcoma and fibromatosis, β-catenin was not expressed in the Original Paper (Figure 1 A-D) ; both specimens of paediatric lipofibromatosis showed no nuclear immunopositivity. -Malignant lesions: nuclear staining >25% (40%) was detected in 1/4 cases (25%) of paediatric fibrosarcoma (16.6%) as opposed to 10% of tumour cells seen in 1/6 cases of adult fibrosarcoma. Smooth muscle tumours: 10% of tumour cells were positive in 1/5 cases of adult leiomyosarcoma and in the single case of paediatric leiomyosarcoma.
Skeletal muscle tumours: nuclear staining was 5% in the single case of paediatric rhabdomyosarcoma and none of the 6 adult tumours.
Vascular tumours: all cases of adult angiosarcoma were negative for nuclear staining. Table 4 . Analysis of relative β-catenin N/M/C (nuclear, membranous/cytoplasmic) frequency in paediatric and adult mesenchymal tumours.
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Paediatric mesenchymal tumours
No. cases N β-catenin Tumours of uncertain differentiation: the single cases of synovial sarcoma and clear cell sarcoma were immunonegative for nuclear β-catenin. Keloid/hypertrophic scar: nuclear staining >50% (70%) was observed in 1/4 cases (25%) of paediatric keloid, whereas all 3 cases of hypertrophic scar were negative.
Membrane and cytoplasmic staining
Immunohistochemical β-catenin localization was also evaluated as relative membrane/ cytoplasmic expression (Figure 1 E-F) ; such mixed staining patterns were more frequent and the proportion of stained tumour cells was greater in nearly all childhood and adult tumours.
Discussion
Although the relevance of Wnt signalling in epithelial malignancies is well established, 26 there is limited knowledge on its role in soft-tissue tumours. Wnt signalling via β-catenin has been seen to play a role in early proliferation and differentiation of human connective tissue progenitor cells, 27 and β-catenin deregulation has been implicated in the inherited predisposition to fibromatosis and in the pathogenesis of sporadic desmoid-type fibromatosis. [17] [18] [19] [20] [21] [22] [23] [24] [25] Nuclear immunoreactivity for β-catenin is a useful adjunct to the diagnosis of adult desmoidtype fibromatosis, many types of which exhibit mutations in the APC/β-catenin (Wnt) pathway. [17] [18] [19] [20] [21] [22] [23] [24] [25] Some studies have examined β-catenin expression as a prognostic marker of desmoid tumours, others have sought an association between expression levels and underlying molecular/genetic alterations. A recent paper found that desmoids exhibiting increased nuclear β-catenin expression had a significantly higher recurrence rate than those lacking it. 28 Sequencing of CTNNB1 exon 3 disclosed the presence of one of three specific mutation types of CTNNB1 (41A, 45F, and 45P) in 85% of desmoid tumour cases. In the same study decreased rather than increased intensity of nuclear β-catenin staining was associated with a more aggressive disease phenotype and with the CTNNB1 45F mutation, which independently correlated with a greater tendency for recurrence. 29 Nuclear expression of β-catenin may also distinguish mesenteric fibromatosis from gastrointestinal stromal tumours. 30 Examination of its expression in a variety of paediatric fibroblastic and myofibroblastic lesions found highlevel expression in 42% of usual-type or deep fibromatoses. 31 Montgomery and co-workers found that superficial and deep fibromatoses are genetically distinct 32 and concluded that the different clinical manifestations despite the morphological Original Paper resemblance may partly be due to the different genetic background, since superficial fibromatoses lack β-catenin and APC gene mutations. In our study, a representative case of infantile digital fibromatosis (superficial) displayed faint cytoplasmic staining, but no evidence of nuclear translocation ( Figure 1E ).
Our data confirm that high proportions of cells exhibiting nuclear β-catenin staining are found in deep adult-type fibromatoses arising in children, although this happens less frequently than in adult fibromatosis. This suggests that a subset of adult-type fibromatoses in childhood shares similar tumorigenesis mechanisms with adults ones. We chose staining >25% of cells rather than any staining (>0%) as the cut-off for our study; however, application of a cut-off of >25% or >50% of cells would not have significantly affected the major findings of our study. This cut-off appears to be optimal for diagnostic purposes because it maximizes the number of cases of fibromatosis considered as truly positive. Among the paediatric tumours 12/41 cases (29.7%), half of which were fibromatoses, expressed high-level nuclear β-catenin staining; among the fibrous tumours fibromatosis was the only other tumour type showing significant high-level staining (6/9 cases, 66.66%). Only one of the four cases of fibrosarcoma (25%) showed high-level staining. High-level staining (>25%) proved to be the cut-off that best differentiated fibromatosis from fibrosarcoma, with a sensitivity of 85.71%, a specificity of 62.5%, a positive predictive value of 66.66% and a negative predictive value of 83.33%. Non-negligible levels cytoplasmic/nuclear β-catenin staining in mesenchymal tumours other than fibromatosis/ fibrosarcoma demonstrate Wnt pathway activation also in these neoplasms. In particular, accumulation of nuclear β-catenin has been demonstrated in synovial sarcoma, 33 osteosarcoma, 34 liposarcoma, malignant fibrous histiocytoma 35 and high-grade sarcoma with high proliferative index. 36 Low-level β-catenin staining was seen in a variety of tumour types in our material; of the 41 paediatric neoplasms 29 (70.7%) exhibited lowlevel positivity, whereas among the 24 adult tumours high-level nuclear staining was detected only in one liposarcoma (4.16%). In contrast high-or low-level membrane and/or cytoplasmic staining was seen across all soft-tissue tumour subtypes, both in adult and in paediatric patients ( Figure 1F ).
Detection of high-level nuclear β-catenin expression in a single case of paediatric fibrosarcoma was intriguing. The tumour was diagnosed as sclerosing epithelioid fibrosarcoma (SEF), a rare variant of fibrosarcoma, originally described in 1995 by Meis-Kindblom et al. 37 Despite a comparatively bland appearance and low mitotic activity, SEF is capable of local recurrence and distant metastasis years after surgical removal. Although in the study of Bhattacharya et al. the tumour stained negative for nuclear β-catenin, 38 in our experience their antibody is not as capable of detecting nuclear β-catenin as the one used in our study. Detection of high levels of nuclear β-catenin in SEF is interesting, because according the original observation the epithelioid cell can be considered as dedifferentiated, and in this situation the term means mesenchymal to epithelial transition (MET). 39 β-catenin is an important gene located at the crossroads between MET and EMT. 40 The present study of soft-tissue tumours was devised to examine the specificity and sensitivity of nuclear β-catenin expression in the diagnosis of paediatric mesenchymal tumours. Our findings show that high-level nuclear expression is seen in a narrow subset of such tumours. Among these neoplasms a pathogenic role for β-catenin is best supported for paediatric fibromatosis, a heterogeneous group of diagnostically challenging lesions, especially on biopsy. Our data indicate that nuclear β-catenin is a sensitive marker for fibromatosis and that high-level staining is specific for this tumour type, contributing to the differential diagnosis with fibrosarcoma. Finally, our findings suggest that the differential diagnosis of infantile fibromatosis from low-grade fibrosarcoma can be achieved according to the flow-chart reported in Figure 2 : nuclear β-catenin positivity in >25% of tumour cells is suggestive of fibromatosis, and strong nuclear staining in >50% of cells is highly suggestive of fibromatosis; CTNNB1 mutation analysis is mandatory when nuclear staining is between 10% and 50%; finally, nuclear staining in ≤10% of cells favours a diagnosis of low-grade fibrosarcoma.
Although these findings are by no means conclusive they suggest that β-catenin may be a useful tool in histopathological differential diagnosis. Further investigation of larger series should focus on β-catenin expression and on manipulation of its pathway to pinpoint its role in mesenchymal cell differentiation and proliferation. Figure 2 . Diagnosis of fibromatosis as evaluated by β-catenin immunohistochemical expression. As per the current findings, the differential diagnosis of infantile fibromatosis from low-grade fibrosarcoma can be achieved as: nuclear β-catenin positivity in >25% of tumour cells is suggestive of fibromatosis, and strong nuclear staining in >50% of cells is highly suggestive of fibromatosis; CTNNB1 mutation analysis is mandatory when nuclear staining is between 10% and 50%; nuclear staining in ≤10% of cells favours a diagnosis of low-grade fibrosarcoma.
